The relationships among testes mass, sperm size (as indicated by sperm tail length), and body mass of Old World rats and mice were investigated. A near isometric relationship between testes mass and body mass was found but not between body mass and sperm size. In a few lineages, testes mass deviated considerably from the regression line with relatively very small testes occurring in Bunomys fratrorum, Bandicota indica, and B. savilei of Asia, Aethomys ineptus of Africa, some Pseudomys, and all Notomys of Australia. By contrast, relatively large testes mass occurred in Apodemus, Berylmys, and Maxomys bartelsii of Asia, Pogonomys of New Guinea, and some Australasian Rattus, Melomys, and Mastacomys. Considerable variability in sperm size was also evident; some species that had relatively small testes also had relatively small spermatozoa. The reason(s) for interspecific variation in relative testes mass and sperm size is unknown, but the data provide an opportunity to test the hypothesis that differences in relative testes mass, and perhaps sperm size, relate to interspecific differences in the amount of intermale sperm competition and in breeding systems.
Over the last 20 years or so there has been considerable interest in factors that determine the amount of investment a male makes in gamete production. In eutherian mammals, an allometric relationship exists between adult testes mass and body mass (Kenagy and Trombulak 1986) , and for primates at least, the absolute testes mass relates to number of sperm produced (Møller 1988a (Møller , 1989 . There are also significant interspecific differences in relative testes mass, and a considerable body of evidence has been accumulated that suggests that differences in breeding system, due to interspecific variation in intensity of intermale sperm competition, determine relative mass of testes (Harcourt et al. 1981; Harvey and Harcourt 1984; Kenagy and Trombulak * Correspondent: william.breed@adelaide.edu.au 1986; Short 1979) . It has also been suggested that sperm size also may reflect differences in intensity of intermale sperm competition (Gomendio and Roldan 1991) , but this causal relationship has been questioned (Harcourt 1991) . Among eutherian mammals, the above associations between breeding systems and relative testes mass have been based largely on data from primates, with some data also coming from cervids and cetaceans (Birkhead 1995) , although those for cricetid rodents are somewhat equivocal (Heske and Ostfeld 1990; Kenagy and Trombulak 1986; Pierce et al. 1990; Wolff et al. 1994) . Recent data have also suggested a possible causal relationship between relative testes mass and breeding systems for birds (Birkhead 1998; Møller 1988b; Møller and Briskie 1995) , butterflies (Gage 1994) , fish (Stockley et al. 1997) , and frogs (Jennions and Passmore 1993) . At the present time, however, it is not clear how widespread such a causal relationship is in mammals. Other factors, such as variation in morphology of the female reproductive tract and efficiency of sperm transport (Bedford 1991 (Bedford , 1996 , also may have a bearing on the relative testis mass of a particular species.
In the present study we investigated the relationship between body mass and testes mass and between body mass and sperm size in murine rodents of Asia, Africa, and Australasia. Included in this group are the Australian conilurine rodents in which marked differences in testes sizes and epididymal sperm stores have previously been documented (Breed 1982 (Breed , 1986 (Breed , 1997b . We found a near isometric relationship between testes mass and body mass but not between sperm size and body mass. In all the major biogeographical regions in which these animals occur, there are nevertheless a few species where testes mass and sperm size deviate markedly from the regression. An association occurs in a few lineages between incidence of relatively small testes mass and small sperm size. We hypothesized that these species would make good models for testing a causal association between these reproductive parameters and breeding systems in mammals.
MATERIALS AND METHODS
We analyzed 100 species of 48 genera of Old World rats and mice (subfamily Murinae) for testes mass and sperm size. Our analysis was restricted to adult males with abundant sperm in the caudae epididymides, which were assumed to be sexually mature, and that had been obtained during times of reproductive activity. Data are presented for all species of Murinae available. This subfamily, as defined by Carleton and Musser (1984) , is more or less equivalent to the Muridae of Simpson (1945) . Acomys, Uranomys, and Lophuromys are included, although recent evidence suggests that they may not be part of this group (Breed 1995; Chevret et al. 1993; Sarich 1985) . Data for only 1 or 2 individuals for a particular species should be treated with caution because of small sample size. Such small samples where they occur were unavoidable because of the limited availability of material. When Ͼ1 animal was used, means of body mass and testes mass were determined, and to calculate mean percentage of testes mass over body mass, the percentage for each individual was ascertained and these figures were averaged.
Animals were obtained live in most cases, and testes were fixed as soon after death as possible by immersion in or perfusion with 2% or 3% paraformaldehyde-glutaraldehyde made up in phosphate buffer or 10% buffered formalin. To determine testes mass, either both testes were weighed or 1 testis was weighed and the figure doubled to give the approximate weight of the 2 testes. To determine sperm size, total length of the sperm tail, including midpiece, principal piece, and end piece, was measured. For that determination, a few drops of the sperm suspension were placed on microscope slides, fixative was added, and a coverslip placed on top of the sperm suspension. Tail length of several fairly straight spermatozoa was determined by phase contrast microscopy using an eyepiece micrometer. Because end pieces of sperm tails are fragile and tend to break off, the maximum measured length was recorded in most cases and it was assumed that this length was representative of total sperm tail length for the species. However, in Aethomys ineptus, where some natural variation in sperm tail length appeared to exist, the mean value of tail length was used.
Much of the data analyzed in our study has already been published. Data on testes mass and sperm size were obtained from various sources for murines of Asia (Breed 1993; Breed and Musser 1991; Breed and Yong 1986; Friend 1936; Harrison 1951) , Africa (Breed 1995; Breed et al. 1988; Gordon and Watson 1986; Visser and Robinson 1987) , and Australasia (Breed 1980 (Breed , 1982 (Breed , 1986 (Breed , 1997a (Breed , 1997b Breed and Aplin 1994; Breed and Sarafis 1979) . Kenagy and Trombulak (1986) and Cummins and Woodall (1985) have previously reviewed data on testes mass and sperm size, respectively, in all mammals, and their data were included when no material for a particular species was available to us.
Apart from information obtained from the literature, data from individuals of several species were also obtained. The taxonomy that we used generally followed that of Carleton and Musser (1984) and Musser and Carleton (1993) , interpreting the subfamily Murinae in the broad sense. The previously used subfamily Hydromyinae, with tribes of Hydromyini, Uromyini, and Conilurini Lee et al. 1981) and Anisomyini (Lidicker and Brylski 1987) , has been subsumed within the Murinae. The recent taxonomy for the species in New Guinea of Flannery (1996) and Menzies (1996) was followed, and that of the Aethomys species in southern Africa follows the taxonomy of Chimimba (1998) and Chimimba et al. (1999) .
RESULTS
Because species tend to share characteristics because of common ancestry, they cannot provide independent data points for comparative analysis (Felsenstein 1985; Harvey and Purvis 1991) . The CAIC package (Purvis and Rambaut 1995) , following Felsenstein's (1985) logic, takes phylogenetic relatedness into account and extracts independent contrasts for analysis. CAIC analysis requires a working phylogeny of the species in question. However, for our analysis a complete phylogeny was not available, so one had to be constructed. To do this, the phylogeny of Watts and Baverstock (1995) , based on microcomplement fixation using albumin, provided most of the tree; taxa not in that tree were added from published sources (Britton-Davidian et al. 1991; Filippucci 1992; Hartl et al. 1992; Musser and Carleton 1993) .
Branch-length estimates were available for most of the phylogeny. When no branch lengths were available, the distance was partitioned equally among branches. The CAIC uses branch lengths to scale contrasts so that the variance is equalized. Model criticism (Purvis and Rambaut 1995) showed that homogeneity of variance was, in general, closely approached. In this analysis, data were transformed using natural logs to linearize the relationship between variables and equalize variances. Regression lines were forced through the origin, and relative testes masses and sperm sizes were obtained by fitting the slope, obtained by the CAIC analysis, through the species data (Purvis and Rambaut 1995) .
Results of regression analysis showed a positive correlation between log testes mass and log body mass (slope ϭ 0.921 Ϯ 0.10 SE; t ϭ 8.10, d.f. ϭ 58, P Ͻ 0.0001). There was no correlation between log sperm tail length and log body mass (P ϭ 0.816), but when body mass was controlled for, there was a positive relationship between log testes mass and log sperm tail length (slope ϭ 0.05 Ϯ 0.029 SE; t ϭ 2.60, d.f. ϭ 55, P ϭ 0.012).
Data for relative testes mass over the working phylogeny together with the residual values, which were divided into 5 equal size categories with 3 being average, are shown in Table 1 . There were several lineages in which markedly smaller testes occurred than would have been expected from body mass (category 1, relative testes mass; Table 1 ). In Asia, these lineages were Bandicota savilei and B. indica from southern Asia, Bunomys fratrorum and Paruromys dominator from Sulawesi, and a single To- 
DISCUSSION
In our study, we investigated the relationships among testes mass, sperm size as shown by sperm tail length, and body mass in the Old World rats and mice of Asia, Africa, and Australasia. Our findings showed a clear positive correlation between testes mass and body mass but not between sperm size and body mass. Previously, using a much smaller data set, a negative correlation between sperm size and body mass was found (Cummins and Woodall 1985) , but that conclusion was not supported with further data (Gomendio and Roldan 1991) nor with considerably more data in our study. However, when body mass was controlled for, a positive correlation was evident between log of testes mass and sperm size.
Despite the association between testes mass and body mass in these Old World rats and mice, there was considerable variation between species in relative testes mass. Considerable variation in the relationship of sperm size and body mass also was evident, and in some cases where small testes to body mass occurred, there were also sperm with relatively short tails. These included two of 3 species of Bandicota, B. indica and B. savilei, in Asia, which also had highly pleiomorphic sperm populations and very divergent head shapes (Breed 1993 (Breed , 1998 . Small testes to body mass and small divergent spermatozoa also occurred in the single Tokudaia osimensis examined. Likewise, in Africa, Aethomys ineptus had relatively small testes and spermatozoa with relatively short tails and highly divergent, pleiomorphic head shapes (Breed 1995; Breed et al. 1988; Gordon and Watson 1986; Visser and Robinson 1987) . Relatively small testes and spermatozoa with short tails were also present in Mus minutoides.
In Australia, relatively small testes (and low numbers of sperm in the cauda epididymides) were evident in the 4 species of Pseudomys, P. delicatulus, P. pilligaensis, P. shortridgei, and P. novaehollandiae; these species also had spermatozoa with short tails (Breed 1983b (Breed , 1997a . Three of the 4 extant Notomys had minute testes, very low epididymal sperm stores (Breed 1992 (Breed , 1997a (Breed , 1997b Breed and Sarafis 1983; Suttle et al. 1988) , and fairly short sperm tails.
Furthermore, the ejaculates of Bandicota indica, B. savilei, A. ineptus, and P. deli- catulus are likely to be of relatively poor quality because cauda epididymal sperm populations contain some grossly abnormal spermatozoa in what appeared to be normal healthy, sexually mature males. Such reproductive characteristics appear to be the norm for these particular species.
Conversely, some of the species with relatively large testes also have sperm with relatively long tails: various Rattus, several Southeast Asian rainforest species including Bunomys chrysocomys, Berylmys bowersi, Maxomys bartelsii, and Leopoldamys, and Chiruromys from New Guinea.
Our observations raise the following question. Why have relatively small testes and spermatozoa with relatively short tails (as well as highly divergent and often pleiomorphic heads) evolved in several lineages of murine rodents? For several other orders of mammals, and in particular primates, considerable data have been accumulated that suggest that there is a causal relationship between relative testes size and breeding system because of variation in intensity of intermale sperm competition. Species with a promiscuous breeding system generally have relatively large testes, whereas those that occur in monogamous mating units have relatively small testes, thought to be due to absence or low levels of intermale sperm competition (Harcourt et al. 1981; Harvey and Harcourt 1984; Kenagy and Trombulak 1986; Short 1979) . In the light of the association between relative testes mass, perhaps sperm size, and breeding systems in other groups, especially primates, it may be predicted that the Old World rats and mice with relatively small testes and relatively small sperm would have low levels of intermale sperm competition and hence occur in single-male breeding units or monogamous pairs. This suggestion also may be supported by a high incidence of grossly abnormal sperm in the cauda epididymides in some of these species. Primates with multimale mating systems tend to have higher quality ejaculates (Møller 1988a (Møller , 1989 . Such mating systems are relatively rare in rodents, and these data provide an opportunity to test the prediction that relatively small testes mass, and perhaps small sperm size, are related causally to occurrence of a single-male breeding system in these animals.
An association between relative testes mass and breeding system among some Australian small conilurine rodents has been considered previously, but it was concluded that, if an association exists, the evidence for it was not obvious (Breed 1997b ). In the several Pseudomys and Notomys species considered, data on breeding systems were deduced largely from observations of animals in the laboratory (Happold 1976) , but these bahaviors may not be representative of breeding systems in the natural environment.
In the Australian spinifex hopping mouse, Notomys alexis, the following observations may be relevant to the breeding system in the wild and the potential for sperm competition. N. alexis has, like most of its congeners, remarkably small testes and very low numbers of highly pleiomorphic spermatozoa in the epididymides (Breed 1982 (Breed , 1986 (Breed , 1992 (Breed , 1997a (Breed , 1997b Breed and Sarafis 1983; Suttle et al. 1988) . These features suggest an absence of intermale sperm competition. In the laboratory, behavioral observations of N. alexis show that adults can live amicably in groups, which can include several adult males (Happold 1976) . Under these conditions, there is the potential for multiple matings of a female in estrus (Breed and Washington 1991) . However, these data may not accurately reflect the situation in the wild. In this species, when strangers are introduced there is considerable initial aggression by group members toward the strangers, with females showing significantly more aggressive behavior than males (Happold 1976) . Such observations suggest that in the natural environment the female, which also tends to have a slightly greater body mass (Breed 1983a) , rather than the male defends the nest site and the occupants therein. Thus, under natural conditions aggressive behavior of female N. alexis may minimize the chance of strange males entering the nest site and thus minimize the occurrence of multiple matings. Therefore, in N. alexis it may be the behavior of the female rather than that of the male that results in low levels of intermale sperm competition. This female aggression could be at least one of the factors that has resulted in evolution of the unusually small relative testes size in males of this species. Other factors, such as a highly efficient sperm transport in the female tract, may also be associated with small testes size that occurs (Breed 1997b; Breed and Washington 1991) .
In conclusion, we have shown a near isometric relationship exists between testes mass and body mass in the Old World rats and mice, but there was no relationship between sperm size, as indicated by sperm tail length, and body mass. Nevertheless, a considerable scatter of individual data points around both regression lines was evident. Some of the species with relatively small testes have relatively small spermatozoa. The reasons for these differences in relative testes mass and sperm size are not known, but the data provide an opportunity to test the hypothesis that relatively small testes mass and perhaps small sperm size associate with depressed levels of intermale sperm competition due to a monogamous or single-male breeding system. With the recent advent of DNA fingerprinting techniques, it is now possible to obtain information on mating systems of murines in the wild. If this association is found, it will add considerable support to the hypothesis that type of breeding system is one of the major selective agents that determines relative testes mass and possibly sperm size in mammals.
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